Bi 0.9 La 0.1 FeO 3 (BLFO) and Bi 0.9 La 0.1 Fe 0.99 Zn 0.01 O 3 (BLFZO) nanoparticles were prepared via a sol-gel method. The oxygen vacancies and holes increase with Zn doping analyzed through X-ray photoelectron spectroscopy, which could contribute to the increase of leakage current density. However, with the increase of the defects (oxygen vacancies and holes), the band gap of BLFZO also is increased. To explain the abnormal phenomenon, the bandwidth of occupied and unoccupied bands was analyzed based on the structural symmetry driven by the Fe-O-Fe bond angle and Fe-O bond anisotropy. V C 2015 AIP Publishing LLC. [http://dx.
In recent years, significant attention has been paid to magnetoelectric (ME) multiferroics which display the potential applications in advanced spintronic and ME devices. [1] [2] [3] [4] The multiferroic materials possess both ferroelectric and ferromagnetic (or antiferromagnetic) ordering within a single phase. Among all the multiferroic materials studied so far, BiFeO 3 (BFO) exhibits high ferroelectric Curie temperature (T C $ 1103 K) and high G-type antiferromagnetic N eel temperature (T N $ 643 K), 5 which make it one of the prime candidates for room-temperature ME applications.
In addition to the above-mentioned applications, BFO is also considered as a kind of visible-light-responsive photocatalyst due to its suitable band gap (2.1-3.0 eV) and excellent chemical stability. For example, Gao et al. 6 reported that BFO nanoparticles could be used as an efficient photocatalyst for the degradation of methyl orange. Hengky et al. 7 demonstrated the active visible-light photochemical behavior of BFO nanoparticles in combination with rapid decolourisation of Rhodamine B. Furthermore, being a semiconductor with suitable band gap, BFO will have other prospective applications such as solar cells and optoelectronic devices. In 2010, Yang et al. 8 investigated the solar cells which take advantage of the narrow band gap of BFO thin films. In a report by Ji et al., 9 the bulk photovoltaic effect in the visible wavelength with BFO thin films was further studied. For the applications mentioned here, the band gap is of particular importance, as it determines the optical and electrical properties. It is noteworthy that the band gap of BFO can be influenced by the crystalline size. For instance, Wang et al. 10 reported the increase in band gap of BFO nanoparticles with decreasing crystalline size (within the range of 80-500 nm), and they have thought that the variation may be due to the quantum-size effect. However, Mocherla et al. 11 demonstrated that the band gap of BFO nanoparticles decreased with decreasing particle size (from 85 nm to 5 nm), which was attributed to the increasing microstrain with decreasing size. Additionally, the common defects such as oxygen vacancies and holes also are important factors that control the band gap of BFO, because the defects as impurityinduced energy levels usually can lead to the decrease of band gap. 11 Therefore, by controlling the densities of defects, a significant tuning of the band gap can be realized in BFO.
Cation substitutions for both A and B sites in BFO have been shown to modulate the density of defects, [12] [13] [14] where the effects of doping on the optical and electrical properties can be utilized. Nonmagnetic ion Zn 2þ has a stable ionic charge. The effects of Zn dopant on structural, electrical, and magnetic properties for BFO thin films have been reported. [15] [16] [17] The reports demonstrated that the introduction of Zn is an effective way to enhance the ferroelectric behavior of BFO films. However, the effects of Zn doping on the optical properties for BFO nanoparticles have seldom been reported. In this study, we have studied the electrical and optical properties of Bi 0.9 La 0.1 FeO 3 (BLFO) and Bi 0.9 La 0.1 Fe 0.99 Zn 0.01 O 3 (BLFZO) nanoparticles, where the 10% La was added to stabilize the single phase. Due to charge neutrality, the substitution of divalent Zn 2þ at trivalent Fe-site can easily increase the number of oxygen vacancies and holes, which results in the high leakage current of BLFZO. The defects also can play an important role in the optical properties, because they produce the impurity band between the valence band and conduction band, which can narrow the band gap. While interestingly, with Zn substitution, the band gap of BLFZO is increased although the oxygen vacancy and hole are increased. To explain this, we consider the effects of structural symmetry on the band gap based on the dissolved in ethylene glycol. Tartaric acid in 1:1 molar ratio with respect to metal cation was added to the solution, and the mixture was stirred at 70 C for 3 h. The obtained solution was dried at 90 C for 3 h until it was turned to yellowish-brown gel. The gel was further dried at 140 C for 3 h, then annealed at 400 C for 1.5 h, and finally ground into powders. Subsequently, the powders were calcined for 2 h at 550 C to obtain samples. The as-prepared samples have no retained carbon introduced by ethylene glycol and tartaric acid, which can be confirmed from the thermogravimetry analysis (TGA) data (supplementary material (Fig. S1) 18 ).
The crystalline structure analysis of samples was carried out by X-ray diffraction (XRD) (Rigaku D/MAX-2500 diffractometer with Cu Ka radiation). The microstructural properties were investigated by transmission electron microscopy (TEM), high resolution TEM (HRTEM), and the corresponding selected area electron diffraction (SAED) pattern using JEM-2100F instrument. To analyze the chemical states of Fe ions, X-ray photoelectron spectroscopy (XPS) was recorded with PHI1600. UV-vis absorption spectrum of the samples was performed by Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. To study the electrical properties, the samples were pressed into pellets, and the pellets were sintered for half an hour at 500 C. The dielectric properties were measured by a precise impendence analyzer WK 6400 with an ac signal of 1000 mV. The leakage current curve was evaluated using an Axiacct model TF 2000 ferroelectric analyser. All the measurements were carried out at room temperature.
The Rietveld refined XRD patterns of the samples are shown in Fig. 1 , and the results indicate that all the main XRD peaks can be well fitted with a single-phase perovskite structure of R3c. The structural parameters obtained from the Rietveld refinement are given in Table I . It is evident from Table I that the lattice parameters of BLFZO are larger than those of BLFO, which is expected since the radius of Zn 2þ ion (radius ¼ 0.74 Å ) is larger than that of Fe 3 þ ion (radius ¼ 0.645 Å ). 15 In addition, from the enlarged view of the diffraction peaks located at about 2h ¼ 32 ( Fig. S2 of supplementary material 18 ), it can be observed that the diffraction peak has an obvious shift toward low degree with doping, which confirms that Zn is successfully doped into the BLFO matrix. The TEM image of BLFZO is shown in the inset of Fig. 1 . From the TEM image, it is observed that the shape of most particles is spherical, but some of them are irregular, and some agglomerations in nature are found. The average particle size obtained from TEM image for the sample lies between 40 and 70 nm. The upper and lower insets of the TEM image show the HRTEM image and SAED pattern of an individual BLFZO nanoparticle, respectively, which indicate the single-crystalline nature of our samples with high degree of crystallinity. Figure 2 shows the UV-vis absorption spectra of the samples. It can be observed that the samples can absorb considerable amount of visible light suggesting their potential application as visible-light photocatalyst. The band gap E g for the samples can be calculated by using the Tauc relation: 19 where A is a constant, h is the photon energy, and a is absorption coefficient. The corresponding plots of (ah) 2 versus h for samples were prepared and the value of the band gap was estimated by the linear extrapolation approach, which are shown in the inset (a) of Fig. 2 . From the inset (a), it can be seen that the band gap of BLFO nanoparticles is estimated to be 2.13(84) eV, which is close to previously reported band gap value. 7 While, with Zn substitution, the band gap is increased (2.17(26) eV for BLFZO), which indicates that Zn doping has a significant influence on the optical properties of our nanoparticles. As generally reported, 11 the existence of defect-induced energy levels between the conduction and valence bands can lead to the decrease of band gap. In BFO, the oxygen vacancy impurity band locates at the bottom of conduction band as a kind of donor level and the hole as acceptor band locates at the top of valence band. These defects can reduce the band gap since the densities of oxygen vacancy donor and hole acceptor are increased in acceptor-cation doped BFO. 14 In our case, however, the band gap is increased with the substitution of divalent Zn, which seems against the general acceptor-cation doping. Moreover, the samples' particle size observed by SEM (supplementary material (Fig. S3) 18 ) has no significant difference. As a result, the effects of crystalline size and microstrain on the abnormal variation of band gap are expected to be very small. In order to systematically investigate the optical properties, the valence band spectra and core levels of elements were studied by XPS.
The XPS spectra analyses of the Bi 4f, Fe 2p, and O 1s core level regions were shown in Figs. 3(a)-3(c), respectively, where the core level binding energies were aligned with respect to C 1s peak (284 eV). As can be seen from Fig. 3(a) , in both samples, Bi 4f 7/2 and Bi 4f 5/2 were observed at 158.49 eV and 163.81 eV, respectively. The spin-orbital splitting energy of Bi 4f is 5.32 eV, which confirms the existence of Bi 3þ . 20 The peaks related with the Bi 2þ , which were reported elsewhere, 21 are absent here. In Fig. 3(b) , the Fe 2p core level regions were fitted and the results show that the Fe 3þ oxidation state coexists with Fe 2þ oxidation state. The binding energy peak position of Fe 2p 3/2 located at about 709.5 eV (olive line) is attributed to the Fe 2þ , and the position of Fe 2p 3/2 located at about 710.9 eV (blue line) is ascribed to the Fe 3þ . 22 According to the fitting, the ratio of Fe 3þ :Fe 2þ is calculated to be 9.6 and 7.3 for BLFO and BLFZO, respectively, indicating the increase of Fe 2þ ions with Zn substitution. In Fig. 3(c 
), the XPS spectra of O 1s
show two peaks at about 529.2 eV and 531.1 eV, respectively. The former (olive line) is attributed to the intrinsic O 2À ions at the lattice sites, while the latter (blue line) is related to the oxygen deficient regions. 23 By calculating the ratio of area under the two peaks obtained from fitting the O 1s spectra, the results reveal that the oxygen vacancy concentration is effectively increased with Zn doping. The XPS valence band spectra of samples are shown in Fig. 3(d) . From these data, we estimate the separation between the valence-band energy (E V ) and the Fermi energy (E F ) to be 0.54 eV and 0.24 eV for BLFO and BLFZO, respectively. It can be seen clearly that the position for the E V is shifted to a lower binding energy region by about 0.3 eV in BLFZO sample, demonstrating a shift of E F to valence band. Consequently, the XPS valence band spectra indicate that the Zn doping leads to the remarkable enhancement of hole concentration, which can be further confirmed by the Hall effect measurement (Table SI of supplementary material 18 ). According to above comprehensive analysis, the oxygen vacancy and hole are simultaneously increased with Zn substitution, which is consistent with that observed in other Zn doped BFO crystal. 12 In fact, the substitution of divalent ion at trivalent Fe-site can easily increase the concentration of oxygen vacancy and hole. The main processes can be described as follows:
In BLFZO sample, the hole (h • ) is introduced directly to compensate the charge balance upon the doping of acceptor Zn, according to
The oxygen vacancy (V O ) could be easily created by loss of oxygen from the contiguous oxygen during sintering at high temperature, 24 according to
Therefore, Zn substitution increases the oxygen vacancy (V O ) and hole (h • ). In addition, the leakage current density (J) curves of samples were also measured, as shown in the inset (b) of Fig. 2 . From the J-E curves, a significant increase in leakage current of BLFZO was observed as compared to BLFO. It is well known that in the perovskite structure materials containing titanate, the ionization process of the oxygen vacancy (V O ) will create the conducting electrons, 24 and the process are described by
Thus, the Zn substitution increases the ionized oxygen va-
, the conducting electron (e 0 ), and the hole (h • ) eventually, which is responsible for the high leakage current of BLFZO. So far, comparing the wide band gap to the increased defects and subsequent higher leakage current, we conclude that the increase of the band gap of BLFZO requires a further analysis.
To better understand the increase of band gap and meanwhile the increase of defects with Zn substitution, the structural symmetry associated with the Fe-O-Fe bond angle and Fe-O bond anisotropy is discussed. As reported, BFO is a charge transfer-type material in which the conduction band is mainly composed of Fe 3d orbitals and the valence band is made of O 2p orbitals. 13 So, the Fe-O-Fe bond is important because it can control the orbital overlap between Fe and O, 4 and as such it may influence the band gap of BFO. In 2010, Borisevich et al. 25 demonstrated that the band gap of BFO with tilt-free cubic symmetry is decreased significantly by conducting both local spin-density approximation (LSDA) and LSDA þ U calculations of the band structure, and they have further correlated the decrease of band gap with the increase of Fe-O-Fe bond angle (towards 180 ) and subsequent higher symmetry. The increase of Fe-O-Fe bond angle can suppress the tilt of FeO 6 -octahedron, which could increase interatomic hopping and therefore the bandwidth of occupied and unoccupied bands, and hence leads to the decrease of the band gap. In BLFZO nanoparticles, however, Zn doping induces the decrease of Fe-O-Fe bond angle (as shown in Table I ), which in turn permits a high degree of FeO 6 -octahedron tilt and, therefore, weakens the structural symmetry. The forced lower symmetry is expected to reduce the bandwidth of occupied and unoccupied bands, enhancing the band gap in the BLFZO, as shown in Fig. 4(a) . In addition, the Fe-O bond anisotropy in the FeO 6 -octahedron cage can also influence the structural symmetry. Fig. 4(b) presents a schematic drawing of the refined crystal structure of hexagonal unit cell for BFO, in which two distinct kinds of Fe-O bonds (Fe-O1 and Fe-O2) are shown. It can be seen from Table I , the Fe-O bond anisotropy (i.e., the difference in bond distance between Fe-O1 and Fe-O2) is increased significantly upon the Zn substitution. The observed variation in the Fe-O bond anisotropy of BLFZO predicts an increase in the local structural distortion, which indicates the decrease in structural symmetry of BLFZO. Thus, the band gap of BLFZO is increased due to the lower structural symmetry caused by the decreased Fe-O-Fe bond angle and increased Fe-O bond anisotropy.
The room-temperature dielectric properties of samples were also investigated. As shown in Fig. 5 , the dielectric constants of both samples are decreased drastically with the increase of frequency in low-frequency region (f-sensitive region) and then tend to be constant when the frequency reaches a certain value (f-stable region). This phenomenon can be well described by the Maxwell-Wagner model, which is related to the space charge relaxation. 26 The space charges (e.g., oxygen vacancies) are able to follow the frequency of the applied field at low frequencies, whereas the space charges do not find time to undergo relaxation at high frequency region. 27 Thus, the dielectric constant is observed to decrease with the increase of frequency. The higher dielectric loss is for the BLFZO sample, as observed in the inset of Fig. 5 , and this may be due to the existence of many charged defects, which is in accordance with the above observations.
In summary, BLFO and BLFZO nanoparticles have been synthesized by sol-gel method. With Zn substitution, the leakage current density is enhanced due to the increase of oxygen vacancies and holes, whereas the band gap also is increased from 2.13(84) eV to 2.17(26) eV. To explain this, the structural symmetry associated with 
